ABSTRACT The comparative nucleotide sequences of the region of inverted terminal repetition from a representative member of group C (nononcogenic), group B (weakly oncogenic), and group A (highly oncogenic) adenoviruses are analyzed. Our data show that (i) the length of this unique region increases with the oncogenicity of the serotype, (ii) a unique homologous region-14 nucleotides long-is present exactly at the same distance from the terminus, and (iii) a hexanucleotide sequence,
Human adenovirus (Ad) isolates have been grouped on the basis of immunological properties, mainly because of antigenic determinants on hexon, fiber, and penton base (1) (2) (3) . There are 31 well-recognized human Ad serotypes. Some human Ad serotypes share several biological and structural properties, and attempts have been made to arrange the serotypes into groups. One of the most interesting group arrangements is based on the different oncogemic properties of the Ads (4-6). Green et al. (7) have reported the existence of five distinct DNA homology groups, A-E, which are consistent with the classification based on tumorigenicity in newborn hamsters.
Human Ads contain linear double-stranded DNA molecules with an estimated molecular weight of 20-25 X 106 (8, 9) . Ad DNA possesses a unique inverted terminal repetition (ITR) of the type ab'c'.. .cba, which permits the formation of singlestranded circular DNA after denaturation and rehybridization (10, 11) . A protein with a molecular weight of 55,000 is covalently linked to each 5' terminus of Ad2 and Ad5 DNAs (12) (13) (14) . The terminal sequences presumably are biologically important because the origin and termination of DNA replication are in these regions (15) (16) (17) (18) (19) (20) (21) . The exact mechanism by which the ITR is involved in replication still is unknown, although a model has been proposed (21, 22) . There is evidence that the initiation of DNA replication occurs within the terminal 75 base pairs (17) .
The sequences of ITR of Ad2 and Ad5 have been determined and shown to be 103 base pairs in length (23, 24) , although a variant of Ad2 in which an ITR of 102 base pairs also has been reported (25) . We studied the sequences of the ITR of Ads from different serotypes in order (i) to examine the correlation, if any, between the nucleotide sequence and the oncogenic property of a particular serotype, (ii) to probe into the biological role of this unique region, and (Ul) to localize any homologous sequences, if any, that might serve as recognition signals for host enzymes involved in DNA replication. We report the complete sequence of the ITRs of Ad7 (group B) and Adl2 (group A). The ITRs of Ad7 and Adl2 are 136 and 162 base pairs in length, respectively. There is an interesting correlation between the length of the ITR and the oncogenic properties of the Ad. In addition to a 14-nucleotide homologous sequence present in all Ad serotypes so far studied, we find a hexanucleotide sequence present at the site where ITR is terminated.
MATERIALS AND METHODS DNA. Ad7 (Greider) and Adl2 (Huie) were grown in KB cells, the virions were purified, and the DNA was extracted as described (26) .
3'-End Group Analysis. The 3' ends of Ad7 and Adl2 DNAs were identified as described (27) .
5'-End Group Analysis. The 5' ends of Ad2, Ad7, and Adl2 were deblocked by alkali treatment and labeled by using polynucleotide kinase and [y-32P]ATP as described (28) . The 5'-labeled DNA was cleaved with Hha I, which gave rise to a single terminal fragment due to a recognition site within the ITR in Ad2, Ad7, and Adl2 DNA. The labeled DNA was eluted and the 5'-end group analysis was carried out as described (29) .
DNA Sequence Analysis. The 3' termini of Ad7 and Adl2 were labeled by using [a-32P]dGTP (Amersham; specific activity 2000-300 Ci/mmol; 1 Ci = 3.7 X 1010 becquerels) and T4 DNA polymerase (30) . The 3'-labeled DNA was cleaved with BamHI (31) for Ad7 and EcoRI for Adl2. The digests were fractionated by electrophoresis on 1.4% (wt/vol) agarose gel. The labeled terminal fragments were detected by autoradiography and were eluted from the gel as described (32) . Alternatively, the 5' termini of Ad7 and Adl2 DNAs were labeled as described above. The labeled terminal fragments, BamHI F and J of Ad7 and EcoRI A and C of Adl2 DNA (see Fig. 1 ) were subjected to sequence analysis according to Maxam and Gilbert (33) . The 5'-labeled Hha I fragment of Adl2 was digested partially with DNase I and then with snake venom phosphodiesterase as described (34) . The partial digest was fractionated by a two-dimensional system (34) (35) (36) .
RESULTS
We compared the restriction enzyme cleavage patterns of Ad2, Ad7, and Adl2 in order to establish the identity of the strains used by us. Fig. 1 shows the cleavage patterns of Ad2, Ad7, and Adl2 DNAs with EcoRI and BamHI. The cleavage patterns of Ad2 DNA agreed well with those in the literature (37) . The Ad7 (Greider) strain that we used is identical to the one for Abbreviations: Ad(s), adenovirus(es); ITR, inverted terminal repetition.
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact. which EcoRI and HindIII maps have been established (38) . Based on the cleavage patterns of Ad7 (Greider) observed with Sal I, Hpa I, Sma I, HindIII, and BamHI, the strain was classified as the Ad7a subtype, which has been shown to be characteristically different from the Ad7 (Gomen) prototype strain both from immunological properties (39) and from restriction enzyme analysis (40) . However, EcoRI cleavage of Ad7 (Greider) gave rise to only two fragments in contrast to cleavage of the Ad7a subtype (38) . Adl2 DNA gave rise to identical patterns reported elsewhere for this strain (41, 42) .
The 3-end group analysis (27) of Ad2 DNA has shown a dG residue (25) . Using this method, we found that the 3' termini of Ad7 and Adl2 DNAs also consisted of dG residues (data not shown). The 5'-terminal nucleotide of Ad2, Ad7, and Adl2 determined subsequent to deblocking the termini (28) was found to be the complementary dC residue (Fig. 2, lanes a-c) . These data suggested that the termini of Ad7 and Adl2 DNAs are flush, similar to those in Ad2 (25) and Ad5 (23) . Fig. 3 shows the sequencing gels of Ad7 (a and b) and Adl2 (c and d) at the ITR that enabled us to deduce the complete sequence and the length of this unique region. Sequences of this region in Ad2 (24, 25) , Ad7, and Adl2 are shown in Fig. 4 DNA was labeled at its 5' termini as described (28) . The 5'-end group analysis was carried out as described (29) , except that the 5'-mononucleotides were separated by electrophoresis at pH 3.5 (43) . 0, origin; dashed outlines, positions to which the unlabeled 5'-mononucleotide markers migrated in this system. Lanes a, b, and c represent the 5'-end group analysis carried out on Ad2, Ad7, and Ad12 DNA, respectively. (Fig. 4) differ from those of Tolun et al. (T-A-T) (44) . This difference is probably attributable to the two strains studied.
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Although the function of this 14-nucleotide homology is not known, its appearance at a constant distance from each terminus suggests that it may serve as a recognition signal, possibly for a host enzyme. In addition, we determined the complete sequence at the ITR of human Ad7 and Adl2. The length of the ITR is directly proportional to its oncogenic potentiaL It is interesting to note that the length of the ITR is identical (or almost) for two representative members of the same groupe.g., Ad2 and Ad5, or Ad3 and Ad7.
We find an additional interesting homology in the comparative sequence data in Fig. 4 . A hexanucleotide sequence, T-G-A-C-G-T, is present in Ad2, Ad3, AdS, Ad7, and Ad12 at or near the site where the sequences beyond the ITR begin to diverge. Other homologous regions present in three different serotypes are shown within the boxes. Specific nucleotide substitutions that occurred in Ad serotypes within a group (such as Ad2 and Ad5, Ad3 and Ad7) are outlined (Fig. 4) . It is interesting to note that there are no mutations within this unique homologous region of 14 nucleotides.
The molecular mechanism of replication of Ad DNA is currently under study in several laboratories. The nascent daughter strands in replicative intermediates are heterogeneous in length but always are shorter than the unit length of mature Ad2 DNA (45) . The synthesis of both daughter strands terminates at or near their 3' ends (15, 18) . All available data support a model proposed for DNA replication in which the synthesis is initiated at or near either end of the double-stranded Ad DNA (15) (16) (17) (18) (19) (20) (21) (22) 46) . Following initiation, daughter-strand synthesis proceeds in the 5'-to-3' direction with the simultaneous displacement of the parental strand with the same polarity. Initiations at the left and right molecular ends are approximately equal in frequency, and multiple initiations on the same replicating molecule are common (21) . At any given displacement fork, only one of the two parental strands is replicated. The displaced strand is presumably replicated later, after completion of the displacement synthesis (21, 47) .
Little is known regarding the mechanism of initiation of (23) (24) (25) 44 ). The boxed nucleotides indicated at specific locations at the top of sequence data for Ad2 and Ad7 represent the nucleotide substitutions found in the closely related Ad5 and Ad3, respectively. The sequences homologous among Ad2, Ad7, and Adl2 are enclosed in a box. The hexanucleotide sequence T-G-A-C-G-T at the vicinity where ITR is terminated is underlined. DNA replication at (or near) the termini of duplex Ad DNA or at the terminus of the displaced parental strand. The presence of identical sequences at the termini suggests that a single mechanism may be involved for all initiation events during Ad DNA replication. Initiation at the 3' terminus of a displaced parental strand could proceed through circular intermediates formed by hybridization of the self-complementary terminal sequences (21, 22) . Although it seems likely that initiation of Ad replication takes place in the region of the ITR, the exact location of the origin of replication has not been determined experimentally. If the ITR is involved in the replication of the displaced strand through the mechanism proposed in the model, then it is not clear why group B (Ad3, Ad7) and group A (Adl2) have longer ITR thawdo Ad2 or AdS, although all Ads replicate in the same host.
Challberg and Kelly (48) described a soluble enzyme system from Ad-infected cells that was capable of replicating exogeneously added Ad2 or Ad5 DNA (in the form of a complex with the terminal protein). It is not known at present whether the extract prepared from group C Ad-infected cells can replicate group B Ad (Ad7) or group A Ad (Ad12) DNA in vitro. Future studies will unravel the biological role of this unique region of ITR found in several Ad serotypes.
ADDENDUM
After submission of this paper, we noticed a recent report by Dijkema and Dekker (49) that described the sequence analysis of the ITR of Ad7 prototype (Gomen) strain. Comparison of their data on Gomen strain with ours on Greider strain reveals that (i) the length of ITR is preserved in these two strains, (ii) the sequence at the ITR of Gomen strain differs from the Greider strain at nucleotides 3 (C), 40 (C), 99 (T), 101 (A), and 106 (C) (Fig. 4) , and (ii) the homologous sequences located at nucleotides [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] 
